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The effect of various nitrogen sources on lipid accumulation by 17 species and strains of yeast was examined. Organic nitrogen sources resulted in considerably increased lipid contents only in strains of Rhodosporidium toruloides. Lipid accumulation in Rs. toruloides CBS 14 increased from 18% (w/w), with NH4Cl as nitrogen source, to above 50% (w/w) when glutamate, urea or arginine was used. Stimulation of lipid production by glutamate was not observed when the yeast was grown in continuous culture with nitrogen-limiting medium. The increase in lipid content of glutamate-grown cells in batch culture was accompanied by a marked increase in the intracellular citrate concentration and its excretion from the cells. The pattern of citrate accumulation in glutamate-grown cells was mirrored by the accumulation of other metabolites, especially 2-oxoglutarate and NH,+ ions, which were produced as a result of the increased catabolism of glutamate. It is proposed that the products of glutamate metabolism in Rs. toruloides play a major role in regulating the flux of carbon to precursors of lipid biosynthesis, such as citrate.
I N T R O D U C T I O N
Work in our laboratory has been concerned with the biochemistry of various oleaginous yeasts which can accumulate large quantities of lipid (Ratledge, 1978 (Ratledge, , 1982 Rattray et al., 1975) . When the nitrogen source in the medium becomes depleted, protein and nucleic acid synthesis ceases but excess carbon continues to be metabolized to lipid. Under such conditions, nonoleaginous yeasts do not accumulate lipid. A hypothesis explaining lipid accumulation in yeasts has been proposed by Botham & Ratledge (1979) . This states that intramitochondrial citrate accumulates primarily due to the decrease in intracellular AMP concentration, which leads to a decline in activity of the AMP-dependent NAD+ : isocitrate dehydrogenase in the mitochondria. Citrate is then transported across the mitochondria1 membrane in exchange for L-malate and is cleaved in the cytosol by ATP : citrate lyase to yield acetyl-CoA (and oxaloacetate), from which fatty acids are synthesized.
Certain yeasts, however, have been reported to produce higher concentrations of lipid when grown with an organic, rather than an inorganic, nitrogen source (Woodbine, 1959; Blinc & HoEevar, 1953; Witter et al., 1974) . No explanation for this has been forthcoming. In this paper, we have examined the effects of nitrogen sources on the lipid content of various yeasts. From such a study we hope to gain insight into the biochemical processes and control mechanisms operating in oleaginous yeasts and then be able to manipulate these to advantage. 4.1.2.13) by the method of Rutter et al. (1966) , and NAD + -and NADP +-dependent glutamate dehydrogenases (EC 1.4.1.2 and 1.4.1.4) by the method of Doherty (1970) . Protein was determined by the method of Bradford (1976) . NAD + : glutamate dehydrogenase and NADP+ : glutamate dehydrogenase were partially purified from extracts of glutamate-and NHZ-grown cells, respectively. Cell extracts were fractionated with (NH,),SO, with the 40 to 70% saturation fraction being retained. The fractions were desalted by passage through a 30 x 2.5 cm column of Sephadex G-50.
Studies with [U-'4Clglutamate and [I,2-14C]acetute. [U-14C]Glutamate [5 pCi; 52.6 pCi pmo1-l (1.95 MBq pmol-l)] or [1,2-14C]acetate [5 pCi; 60 pCi pmol-l (2.22 MBq pmol-l)] was added to cultures of Rhodosporidium toruloides CBS 14 growing in 1-litre vortex-aerated vessels at 30 "C. Samples (1 ml) were filtered through Whatman grade A glass-fibre paper discs which had been pre-washed with distilled water. The cells were washed once with 0.9% (w/v) NaCl and once with a buffer containing 40 mM-Tris/HCl pH 7-0,0.6 M-sorbitol and 0.9 mM-EDTA. The whole filter paper disc was transferred to a glass scintillation vial, dissolved in 1 ml Soluene (Packard Instruments) and taken up in 10ml of a toluene-based scintillation fluid. Lipid was extracted, as previously described, redissolved in chloroform and counted in a toluene-based scintillant. Residual radiolabel was estimated in culture filtrates using a dioxane-based scintillant containing: 4 g diphenyloxazole, 60 g naphthalene, 20 ml ethanediol, 100 ml methanol and 880 ml dioxane.
RESULTS

Effect of nitrogen sources on lipid accumulation in yeasts
The influence of three different nitrogen sources, namely NH, Cl, asparagine and glutamate, on lipid and biomass production by 17 yeasts is shown in Table 1 . Only a small number of the yeasts showed any variation in lipid content; the most significant of these were all strains of Rhodosporidium toruloides. Strain CBS 6016 was no exception to this finding, although previously it had been regarded as non-oleaginous because of a failure to detect ATP : citrate lyase in cell extracts (Boulton & Ratledge, 1981) . However, this yeast has been re-examined in the light of the above findings and activity of ATP : citrate lyase has been detected (S. Gilbert, unpublished). The difference in results may be attributable to an unstable genetic make-up of this strain, which is a cross between two other strains of Rs. toruloides. Growth on the different nitrogen sources had little effect on total biomass production and did not significantly decrease lipid production in any of the yeasts tested. In the cases where the lipid contents did vary, glutamate gave the highest increases. The largest increase in lipid content was found with Rs. toruloides CBS 14, in which it increased almost threefold, from 18% to 51 % of the biomass. Figure 1 shows the striking change in cell morphology when the yeast was grown under the different conditions. This yeast was consequently chosen as a model organism for the investigation of this phenomenon.
The effect of a range of nitrogen sources on lipid accumulation by Rs. toruloides CBS 14 is shown in Table 2 . All 20 nitrogenous compounds were able to support growth; the range in variation in final biomass concentration was only 1.7 g 1-l. The final lipid contents varied considerably, however. Inorganic nitrogenous compounds, including ammonium tartrate, produced less than 25 % (w/w) lipid, whilst 12 of the organic sources increased lipid production to over 40% of the biomass. Figure 2 shows the patterns of lipid accumulation of Rs. toruloides CBS 14 grown with NH,C1 or L-glutamate as nitrogen source. The time course of nitrogen exhaustion from the medium and biomass and lipid production were similar to those observed previously with Rhodotorula spp. (Enebo et al., 1946; Kessell, 1968) and other oleaginous yeasts (Evans & Ratledge, 1983a) . Up until 30 h growth, both culture profiles were similar but then changed abruptly as the glutamate culture began to accumulate substantially more lipid, which eventually reached 52% of the biomass.
Lipid accumulation by Rs. toruloides CBS 14 in batch culture
The specific activities of 15 enzymes in cells from both NH,+ -and glutamate-grown cultures were determined to see if there were any obvious differences in the pathways of glucose catabolism and citrate metabolism which could relate to the different lipid contents of the cells (Table 3 ). However, no significant variation in the activity of any enzyme was found. The intracellular concentrations of numerous intermediary metabolites throughout the progress of the batch cultures are given in Fig. 3 (a-h) . The excretion of citrate into the medium was fivefold higher in the glutamate-grown culture than in the NHZ-grown culture. Citrate excretion, as observed previously with C. curvata (Evans & Ratledge, 1983b) and with Lipomyces starkeyi (Boulton & Ratledge, 1983) , did not begin until nitrogen had become exhausted from the Table 3 . Activities of cytoplasmic and mitochondria1 enzymes in Rs. toruloides CBS 14
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Cells were harvested after 40 h growth and separated into mitochondrial and cytosolic fractions as described by Evans et af. (1983) medium (25-30 h) and, by 40 h growth, eight times as much citrate had been excreted by the glutamate-grown cells as compared with the NHl-grown cells (see Fig. 3a) . The intracellular concentrations of citrate also varied considerably between the two cultures (Fig. 3b) . The concentration of citrate increased steadily over the first 40 h growth in the glutamate-grown cells, reaching a peak value which was 14 times that in the NHZ-grown cells. After 40 h, the glutamate, (h) glucose 6-phosphate.
concentration of citrate in the intracellular pool decreased steadily until both cultures contained a basal concentration of citrate. The intracellular concentration of malate was threefold higher in the glutamate-grown cells than in the NHZ-grown cells during the first 30 h growth but then decreased throughout the rest of growth, as it did in the NHi-grown cells (Fig. 3c) . Interestingly, the concentration of malate throughout growth was always higher than the concentration of citrate, in both cultures. The intracellular concentration of isocitrate was low and almost the same in both cultures, with a peak occurring after 50 h growth (Fig. 3d) . Oxaloacetate and fructose 6-phosphate (not shown in Fig. 3 ) were present only in trace amounts (< 0.2 nmol per mg cell dry wt) in the cell extracts. The most significant difference between the two cultures was in the contents of intracellular NH,+ (Fig. 3e) . Cells from the NH,C1 culture contained six times as much NHZ during the first 15 h growth as did glutamate-grown cells, but this concentration then rapidly decreased to a basal level by 30 h growth. Conversely, the NH,+ content of glutamate-grown cells increased rapidly between 20 h and 30 h, after which it declined steadily to a basal level. This may be attributable to a rapid breakdown of the glutamate nitrogen source within the cells as the patterns of accumulation of NHZ and 2-oxoglutarate in glutamate-grown cells were similar (Fig.  3 e , f ) and coincided with the disappearance of glutamate from the medium, which was readily accumulated by the glutamate-grown cells in the first 10 h of growth (see Fig. 3g ). The concentration of 2-oxoglutarate in both NHZ -and glutamate-grown cells increased steadily until 25 h growth when it was twofold higher in the glutamate-grown cells. The 2-oxoglutarate content of the NHZ-grown cells then rapidly declined, so by 30 h that of the glutamate-grown cells was ninefold higher. The 2-oxoglutarate content of glutamate-grown cells remained twofold greater than that of NH,+-grown cells throughout the rest of growth. Glutamate clearly underwent rapid catabolism in glutamate-grown cells, as only 10% of that originally accumulated remained by 30 h. The NH,+ -grown cells appeared to increase their glutamate pool during the early stages of growth but after 20 h this also declined to a third that of the glutamate culture (Fig. 3g) .
The only other metabolite to show any significant variation throughout growth was glucose 6-phosphate (Fig. 3 h) . Between 20 h and 30 h growth, the cells from both cultures contained only trace amounts of this metabolite (which is what one could expect of a glycolytic intermediate during growth); however, the concentration of glucose 6-phosphate in N H t -grown cells rapidly increased between 30 and 60 h, whilst in glutamate-grown cells the concentration did not rise until 50 h growth. It must be stressed, however, that the concentrations of metabolites observed under these conditions have been determined in a dynamic system and so reflect flux patterns of intermediates during metabolism, where an increased flux and decreased metabolism would lead to a build-up of the metabolite in question.
L-Glutamate metabolism in Rs. toruloides CBS 14
It was considered possible that the high lipid accumulation in glutamate-grown Rs. toruloides CBS 14 was being directly caused by the nitrogen source itself, i.e. glutamate, or by one, or more, of the intermediates of its catabolism. If all the carbon from the added glutamate in a given culture was metabolized to lipid, it could only account for approximately 1 g of lipid (i.e. less than 20% of the total lipid). Addition of [U-14C] glutamate to cultures of Rs. toruloides CBS 14 showed that glutamate carbon was indeed metabolized to lipid ( Table 4) . [ 1,2-14C] Acetate was used as a control for the efficiency of metabolism and incorporation of a radiolabelled substrate into lipid. Of the glutamate carbon taken into the cell, 27% was recovered in the lipid fraction, indicating that not only was glutamate acting as a source of NHZ (see Fig. 3e ) but that the resultant 2-oxoglutarate was being actively metabolized by the cells. However, with only partial incorporation of the carbon atoms of glutamate into lipid, it was apparent that the increase in lipid concentration must be due to increased metabolic activity arising indirectly from glutamate being used as nitrogen source, rather than glutamate acting as a direct precursor of the lipid.
NAD+ : glutamate dehydrogenase (NAD+ : GDH) was probably responsible for the reciprocal changes in glutamate concentration with those of NH,+ and 2-oxoglutarate. Its specific activity was tenfold higher in glutamate-grown cells than in NHZ-grown cells (Fig. 4a) in the early growth phase of the culture, i.e. between 20 h and 30 h. After this time, the activity Incorporation of [U-t4Clglutarnate and [1,2-14C ]acetate into lipid of Rs. toruloides CBS 14
Pulses (5 pCi) of radiolabelled glutamate and acetate were fed to batch cultures in vortex-aerated vessels after 35 h growth. Uptake and incorporation of radiolabel into cells and lipid was followed as described in Methods. rapidly declined to a level similar to that found in NHZ-grown cells. The peak in activity correlated with the depletion of the early intracellular pool of glutamate (Fig. 3g) and the concomitant production of NH,+ (Fig. 3 e) and 2-oxoglutarate (Fig. 3 f ) in glutamate-grown cells. In NH,+ cultures, the activity of the anabolic NADP+ : glutamate dehydrogenase (NADP + : GDH) increased markedly over the first 30 h growth and was approximately threefold higher than that in glutamate-grown cells (Fig. 4b) . This activity in NHZ-grown cells can therefore account for the low concentrations of intracellular NH,+ detected during the early stages of growth (20-30 h) in NHZ-grown cells (Fig. 3e) .
The kinetic properties of the NAD+ -and NADP +-linked glutamate dehydrogenases are shown in Table 5 . Although both reactions are reversible, the catabolic role of the NAD+ : GDH and anabolic function of the NADP+ : GDH in Rs. toruloides CBS 14 are clearly expressed by their very high apparent K , values for NHJ and glutamate, respectively. These results are not dissimilar to those reported for other yeasts (Brown, 1980; Brown et al., 1974) .
Growth and lipid production by Rs. toruloides CBS 14 in continuous culture When Rs. toruloides CBS 14 was grown in a chemostat under nitrogen-limitation, the effect of L-glutamate on lipid production was lost (Fig. 5) . Biomass and lipid accumulation were similar in both NHZ-and glutamate-grown cultures over a range of dilution rates. The intracellular concentrations of key metabolites were monitored under steady-state conditions at two dilution rates in both cultures (see Table 6 ). The concentrations of most metabolites were close to the basal levels detected during batch cultures. Metabolites which accumulated to high concentrations in the glutamate-growing batch culture, i.e. NHZ , L-glutamate, 2-oxoglutarate and citrate, were all found in low concentrations in the steady-state system of the chemostat.
DISCUSSION
A survey of the effect of various nitrogen sources on lipid accumulation in yeasts confirmed the early reports that certain yeasts produced much higher lipid contents when grown with an organic nitrogen source, rather than an NH,+ salt (Blinc & HoEevar, 1953; Woodbine, 1959) . A comparison of the growth of Rs. toruloides CBS 14, as a yeast showing this effect to the greatest degree of those examined, revealed that metabolism in glutamate-grown cells was significantly different from that in NHZ -grown cells. Accumulation and excretion of citric acid was far more pronounced in the glutamate-grown cultures, which indicated that the flux of carbon to citrate in glutamate-grown cells was somehow being stimulated. The much higher concentrations of intracellular NHZ and 2-oxoglutarate in glutamate-grown cells showed that catabolism of the glutamate was occurring and that these products might be indirectly responsible for the increase in cellular citrate accumulation and excretion.
In the steady-state conditions of continuous culture, the intracellular concentrations of all these metabolites in glutamate-grown cells were very low and consequently the lipid content was as low as that in NHZ-grown cells. This was presumably due to the fact that under nitrogen limitation, in the steady-state system, the amount of glutamate available per cell at the slow dilution rates was very low compared to the first 30 h of batch culture. The study of the chemostat culture thus revealed that the increase in lipid in batch culture cells was due to a transitory phenomenon -probably the build-up of NHZ (or 2-oxoglutarate) in the early stages of growth. Such a transitory state cannot, of course, arise in a chemostat under normal conditions of operation.
The difference in concentrations of NHZ, 2-oxoglutarate and glutamate in cells of the batch cultures of Rs. toruloides CBS 14 grown on NH,C1 and on glutamate can be explained by the interplay in activity of the glutamate dehydrogenases observed during growth. Synthesis of the catabolic NAD + : GDH is derepressed (or induced) by growth on glutamate and its increased activity leads to the formation of intracellular NHZ (Roon & Even, 1973; Pateman and Kinghorn, 1976) . Conversely, the activity of the anabolic NADP + : GDH increased markedly in NHJ-grown cells and would consequently prevent accumulation of NH,+ (Brown et al., 1974; Brown 1980; Roon & Even, 1973) . The decrease in activity of the NAD+ : GDH in glutamategrown cells after 30 h growth could be due either to its repression by NH,+ (Bernhardt et al., 1965; Roon & Even, 1973) or to its rapid inactivation by reversible phosphorylation (Hemmings, 1978a (Hemmings, , b, 1982 . This would then prevent further catabolism of glutamate and build-up of NH,+. The subsequent decrease in the NH,+ pool is then attributable to the increase in NADP+ : GDH activity.
These results do not fully explain how such a large NHZ pool accumulates in the first place. Possibly the various mechanisms of NHZ assimilation in the cells are unaffected by growth on glutamate and hence operate only as efficiently as in NHZ -grown cells. However, accumulation of glutamate from the medium and large increase in NAD + : GDH activity evidently release NH,+ faster than it can be assimilated, consequently increasing the pool size for a short period until the metabolism becomes adjusted.
It is possible that catabolism of the nitrogen source in the medium, to increase pool concentrations of metabolites such as NH:, 2-oxoglutarate or glutamate, can explain how numerous other organic nitrogen sources markedly stimulate lipid production (Table 2) , and these aspects are described in detail in the following paper (Evans & Ratledge, 1984) . The importance of these metabolites and the mechanisms by which they interact with the pathways of lipid biosynthesis in yeasts have been investigated, and these findings will be reported in due course.
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